Abstract. The effects of hydrogen sulfide (H 2 S) on cancer are controversial. Our group previously demonstrated that exogenous H 2 S promotes the development of cancer via amplifying the activation of the nuclear factor-κB signaling pathway in hepatocellular carcinoma (HCC) cells
Introduction
Hepatocellular carcinoma (HCC) is the most frequent subtype of primary liver cancer (PLC), which is the third leading cause of cancer-associated mortality worldwide and results from poor prognosis (1) (2) (3) . A variety of methods are applied in the treatment of HCC, including surgery, local treatment and liver transplantation. However, <20% of patients are eligible for effective therapies (4) . Furthermore, the 5-year survival rate worldwide of HCC is still <5%, as a result of its high rate of recurrence and metastasis (5) . HCC tumorigenesis is a complex Exogenous hydrogen sulfide promotes hepatocellular carcinoma cell growth by activating the STAT3-COX-2 signaling pathway multistep process that is closely associated with multiple signaling pathways and genes, and these factors can affect cell survival, proliferation, invasion and metastasis (6, 7) . The role of hepatitis B virus (HBV) or hepatitis C virus infection has been extensively investigated and considered as one of the reasons in the pathogenesis of HCC (8, 9) . Of note, increasing evidences demonstrate that additional non-viral signaling pathways are involved in the progression of the disease (10) . Thus, to explore the effects of these signaling pathways on cell growth and invasion is conducive to identify the potential mechanisms of carcinogenesis and effective therapeutic targets.
Signal transducer and activator of transcription 3 (STAT3) is one of the members of the STAT signaling protein family, which consists of seven members (STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b and STAT6) (11) . STAT3, being known as a transcription factor, is involved in important physiology, including proliferative, anti-apoptotic, metastatic and angiogenic effects (12) . STAT3 has been most closely associated with tumorigenesis (13, 14) . Previous studies demonstrated that constitutive STAT3 activation was frequently detected in numerous human cancers in vitro and in vivo (15) (16) (17) . Furthermore, STAT3 participated in the physiological and pathological processes of HCC, including tumor cell survival, proliferation, angiogenesis and metastasis (13) . It has been previously demonstrated that the inhibition of STAT3 activation (phosphorylation of STAT3) reduces the expression of cyclooxygenase-2 (COX-2) in HCC cells (18) . Additionally, it has been reported that STAT3 serves a pivotal role in malignancies associated with inflammation due to the activation of genes that promote cell proliferation, survival and invasion (19, 20) . The activation of the STAT3 signaling pathway triggered by HBV oncoproteins is associated with the carcinogenesis and progression of HCC (21) . In HCC, STAT3 is constitutively activated, which promotes human cervical cancer progression and poor prognosis (18, 19) . Notably, STAT3 is also involved in the overexpression of COX-2 in HCC (17) .
Hydrogen sulfide (H 2 S) has been classified as a novel gasotransmitter together with nitric oxide (NO) and carbon monoxide (CO) (22) . In the liver, H 2 S can be catalyzed by both cystathionine b-synthase (CBS) and cystathionine g-lyase (CSE) (23) . Accumulating studies have demonstrated that H 2 S is involved in the pathophysiological progression of tumors (24) (25) (26) (27) . However, the potential mechanism of H 2 S in cancer is unclear and controversial. Accumulating evidences have demonstrated that H 2 S promotes cancer progression, including proliferation, migration and invasion (28) (29) (30) (31) (32) (33) (34) . H 2 S can protect cancer cells from chemopreventive agent β-phenylethyl isothiocyanate-induced apoptosis (30) and promote proliferation (30) , which may be mediated by the increase in Akt and extracellular signal-regulated kinase (ERK) phosphorylation, and the decrease in p21
Waf1/Cip1 expression and NO production. A recent study by our group revealed that exogenous H 2 S promotes C6 glioma cell growth through the activation of the p38 MAPK/ERK1/2-COX-2 signaling pathway (32) . Furthermore, in PLC/PRF/5 cells, exogenous H 2 S exerts proliferation, anti-apoptosis, angiogenesis and migration effects via amplifying the activation of the nuclear factor (NF)-κB signaling pathway (24). Those results indicate that H 2 S promotes cancer cell growth. Notably, H 2 S post-conditioning effectively protects isolated ischemia/reperfusion rat hearts via activation of the Janus kinase 2 (JAK2)/STAT3 signaling pathway (33) . However, whether the STAT3-COX-2 signaling pathway contributes to the growth effect of exogenous H 2 S on HCC cells remains unclear.
The present study was therefore designed to determine the effect of H 2 S on the activation of the STAT3-COX-2 signaling pathway in HCC (cell line, PLC/PRF/5) cells and to investigate whether exogenous H 2 S could induce proliferation and anti-apoptosis via amplification of the STAT3-COX-2 signaling pathway in PLC/PRF/5 cells. Western blot analysis. Prior to western blot analysis, the following was performed: Exposure of PLC/PRF/5 cells for the indicated times (3, 6, 9, 12 and 24 h) to 500 µmol/l NaHS; co-treatment of PLC/PRF/5 cells with 500 µmol/l NaHS and 30 µmol/l AG490 for 24 h; exposure of PLC/PRF/5 cells for the indicated times (3, 6, 9, 12 and 24 h) to 500 µmol/l NaHS; PLC/PRF/5 cells were co-treated with 500 µmol/l NaHS and 20 µmol/l NS-398 for 24 h; exposure of PLC/PRF/5 cells for the indicated times (1, 3, 6, 9, 12 and 24 h) to 500 µmol/l NaHS; co-treatment of PLC/PRF/5 cells with 500 µmol/l NaHS and 30 µmol/l AG490 for 24 h; and PLC/PRF/5 cells were co-treated with 500 µmol/l NaHS and 20 µmol/l NS-398 for 24 h. Following the aforementioned treatments, the cells were harvested and lysed with a cell lysis solution (Beyotime Institute of Biotechnology, Shanghai, China) at 4˚C for 30 min. Total proteins were quantified using a Pierce BCA Protein Assay kit (cat. no. P0010S; Beyotime Institute of Biotechnology). Loading buffer (Sigma-Aldrich; Merck KGaA) was added to the cytosolic extracts, and upon boiling for 6 min, equivalent volumes of supernatant from each sample were fractionated by 10% SDS-PAGE, followed by transfer of the proteins onto polyvinylidene difluoride membranes. The membranes were blocked with 5% fat-free milk for 60 min in fresh blocking buffer [0.1% Tween-20 in TBS (TBST)] at room temperature, and next incubated with anti-phosphorylated (p)-STAT3 antibody (cat. no. 9145; 1:1,000 dilution), anti-STAT3 antibody (SAB1406487; 1:1,000 dilution), anti-COX-2 antibody (cat. no. 4842; 1:1,000 dilution) or anti-cleaved caspase-3 antibody (cat. no. 9661; 1:1,000 dilution) in freshly prepared TBS-T with 3% free-fat milk overnight with gentle agitation at 4˚C. The membranes were washed for 5 min with TBS-T three times and then incubated with a horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (SAB3701044; Sigma-Aldrich; Merck KGaA) at 1:2,500 dilution in TBS-T with 3% fat-free milk for 1.5 h at room temperature. Then, the membranes were washed three times with TBS-T for 5 min each. The immunoreactive signals were visualized using enhanced chemiluminescence detection. In order to quantify the protein expression, the X-ray films were scanned and analyzed with ImageJ 1.47i software (National Institutes of Health, Bethesda, MD, USA). The experiment was conducted three times.
Materials and methods

Materials
Measurement of cell viability. Cells were seeded in 96-well plates at a density of 1x10 4 cells/ml and incubated at 37˚C. Prior to the CCK-8 assay to assess cell viability, the following was performed: PLC/PRF/5 cells were treated with different concentrations (100, 200, 300, 400 and 500 µmol/l) of NaHS; treatment of PLC/PRF/5 cells with 500 µmol/l NaHS for the indicated times (12, 24, 36 and 48 h); co-treatment of PLC/PRF/5 cells with 500 µmol/l NaHS and different doses of AG490 (1, 10, 20 and 30 µmol/l) for 24 h; and PLC/PRF/5 cells were co-treated with 500 µmol/l NaHS and NS-398 (0.01-0.5 µmol/l) for 24 h. Following the above treatments, 10 µl CCK-8 solution at 1/10 dilution was added to each well, and then the plate was incubated for 1.5 h at 37˚C. Absorbance at 450 nm was determined using a microplate reader (Molecular Devices, Sunnyvale, CA, USA). The means of the optical density (OD) values of three wells in Fig. 2A -D were used to calculate the percentage of cell viability according to the following formula: Cell viability (%)=(OD treatment group/OD control group) x100%. The experiment was carried out three times.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
RT-PCR was carried out in 200-µl sterile tubes (Eppendorf, Hamburg, Germany). Approximately 2 µg total RNA, 1 µl oligo (dT) (Sigma-Aldrich; Merck KGaA), 1 µl dNTP, and diethylpyrocarbonate were placed into the PCR System (cat. no. 204174; Qiagen, Inc., Valencia, CA, USA) for reaction at 65˚C for 5 min. Once the reaction had ended, the tubes were stored on ice. Then, 4 µl 5X First-Strand Buffer (cat. no. 19051; Qiagen, Inc.) and 2 µl DL-dithiothreitol were successively added for reaction at 37˚C for 2 min. Subsequently 1 µl reverse transcriptase (M-MLV RT; cat. no. 1701; Promega Corporation, Madison, WI, USA) was added to every tube for reaction at 37˚C for 50 min and then at 70˚C for 15 min. The primers used for RT-qPCR were as follows: STAT3 forward 5'-ACC TCC AGG ACG ACT TTG AT-3' and reverse 5'-TGT CTT CTG CAC GTA CTC CA-3'; COX-2 forward 5'-CTG TAT CCC GCC CTG CTG GTG-3' and reverse 5'-ACT TGC GTT GAT GGT GGC TGT CTT -3'; and GAPDH forward 5'-GCA CCG TCA AGG CTG AGA AC-3' and reverse 5'-TGG TGA AGA CGC CAG TGG A-3'. RT-qPCR was performed with the Applied Biosystems 7500 Fast Real-Time PCR System (Life technologies, Carlsbad, CA, USA). Quantitative gene amplifications were performed using the following thermocycling conditions: Initial denaturation for 5 min at 95˚C, 40 cycles of denaturation at 95˚C for 5 sec and annealing and extension at 60˚C for 20 sec. After normalizing to the GAPDH gene, expression levels for each target gene were calculated using the comparative threshold cycle (2-ΔΔCq) method (35) .
Hoechst 33258 nuclear staining for evaluation of apoptosis.
Apoptotic cell death was evaluated by Hoechst 33258 staining followed by photofluorography. First, PLC/PRF/5 cells were plated onto 35-mm dishes at a density of 1x10 6 Transwell migration assay. PLC/PRF/5 cells were seeded in 96-well plates at a density of 1x10 4 cells/ml, incubated at 37˚C and added to the upper chamber of a Transwell membrane (Transwell Permeable Support with a 5.0-µm polycarbonate membrane, 6.5-mm insert and 24-well plate; Costar; Corning Life Sciences, Tewksbury, MA, USA). Next, 500 µl of 10% FBS-RPMI-1640 (Sigma-Aldrich; Merck KGaA) was added to each bottom chamber. After 24 h of incubation at 37˚C, the cells that had migrated to the lower chamber were counted. Triplicate experiments were performed with each group, and the means and standard error of the mean were calculated under a fully automated inverted microscope.
ELISA for detection of VEGF in the culture supernatants. PLC/PRF/5 cells were cultured in 96-well plates. PLC/PRF/5 cells were co-conditioned with 500 µmol/l NaHS and 30 µmol/l AG490 or 20 µmol/l NS-398 for 24 h. Following these treatments, the level of VEGF in the culture media was evaluated using a Human VEGF ELISA kit (cat. no. RAB0507; Sigma-Aldrich; Merck KGaA) according to the manufacturer's protocol. The experiment was performed ≥5 times.
Statistical analysis. All data are presented as the mean ± standard error of the mean. Differences between groups were analyzed by one-way analysis of variance using SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA), followed by a least significant difference post hoc comparison test. P<0.05 was considered to indicate a statistically significant difference. Fig. 1A and C, exposure of PLC/PRF/5 cells for the indicated times (3, 6, 9, 12 and 24 h) to 500 µmol/l NaHS markedly enhanced the expression level of p-STAT3, reaching a maximal peak at 9 h, while the expression level of STAT3 was not altered. Furthermore, exposure of the cells to 500 µmol/l NaHS for 24 h markedly increased STAT3 mRNA expression (Fig. 1E) . This indicates that the STAT3 signaling pathway is activated in NaHS-induced PLC/PRF/5 cell growth.
Results
NaHS activates the STAT3-COX-2 signaling pathway in PLC/PRF/5 cells. As shown in
As shown in Fig. 1G and I, exposure of PLC/PRF/5 cells for the indicated times (3, 6, 9, 12 and 24 h) to 500 µmol/l NaHS markedly enhanced the expression level of COX-2, reaching a maximal peak at 24 h. Exposure of the cells to 500 µmol/l NaHS for 24 h markedly increased COX-2 mRNA expression (Fig. 1F) . This indicates that the COX-2 signaling pathway was also activated in the NaHS-induced PLC/PRF/5 cell growth.
Notably, co-treatment of PLC/PRF/5 cells with 500 µmol/l NaHS and 30 µmol/l AG490 for 24 h considerably suppressed the NaHS-induced increase in the expression levels of COX-2 ( Fig. 1B and D) and COX-2 mRNA (Fig. 1F) . Alone, treatment of cells with 30 µmol/l AG490 for 24 h did not alter the basal expression level of COX-2 mRNA. This indicates that COX-2 was located downstream of STAT3 in the signaling pathway. Notably, co-treatment of PLC/PRF/5 cells with 500 µmol/l NaHS and 20 µmol/l NS-398 for 24 h suppressed the expression of p-STAT3 (Fig. 1H and J) . Therefore, it can be deduced that there was interaction between the STAT3 and COX-2 signaling pathways. As shown in Fig. 2A , doses of NaHS from 100 to 500 µmol/l markedly promoted cell proliferation, leading to an increase in cell viability and reaching a maximal peaking at 500 µmol/l. Treatment of PLC/PRF/5 cells with 500 µmol/l NaHS for the indicated times (12, 24, 36 and 48 h) markedly promoted cell proliferation, reaching the maximal proliferative effect at 24 h. Based on the above results, PLC/PRF/5 cells were treated with 500 µmol/l NaHS for 24 h in all subsequent experiments. As shown in Fig. 2C , the increased cell viability was suppressed by co-treatment with 500 µmol/l NaHS and different doses of AG490 (a specific inhibitor of the STAT3 signaling pathway) (36) for 24 h. Doses of AG490 from 1 to 10 µmol/l did not change cell viability. On the contrary, doses of AG490 from 20 to 30 µmol/l significantly suppressed cell proliferation, leading to a decrease in cell viability. According to the above results, PLC/PRF/5 cells were co-treated with 500 µmol/l NaHS and 30 µmol/l AG490 for 24 h in all subsequent experiments. Doses of NS-398 from 0.01 to 0.5 µmol/l did not change cell viability, while doses of NS-398 from 1 to 20 µmol/l significantly suppressed cell proliferation, leading to a decrease in cell viability, which reached a minimum at 10 and 20 µmol/l. According to the above results, PLC/PRF/5 cells were co-treated with 500 µmol/l NaHS and 20 µmol/l NS-398 for 24 h in all subsequent experiments.
The STAT3-COX-2 signaling pathway participates in the
The STAT3-COX-2 signaling pathway participates in NaHS-induced anti-apoptosis in PLC/PRF/5 cells.
It was demonstrated that exposure of cells to 500 µmol/l NaHS for 24 h markedly enhanced cell proliferation, as evidenced by a decrease in the number of apoptotic cells (Fig. 3Ab and Ag) . In addition, the above anti-apoptosis was nearly completely inhibited by co-treating PLC/PRF/5 cells with 500 µmol/l NaHS and 30 µmol/l AG490 or 20 µmol/l NS-398 for 24 h. Furthermore, exposure of cells to 500 µmol/l NaHS for 24 h markedly decreased cleaved caspase-3 expression (Fig. 3Ba and Bc), and the NaHS-induced decrease in the expression level of cleaved caspase-3 was inhibited by co-treating PLC/PRF/5 cells with 500 µmol/l NaHS and 30 µmol/l AG490 or 20 µmol/l NS-398 for 24 h (Fig. 3Bb and d) . Fig. 4 , NaHS significantly enhanced the expression levels of matrix metalloproteinase-2 (MMP-2) (Fig. 4A and C) and promoted migration (Fig. 4G ) in PLC/PRF/5 cells. These NaHS-induced effects were inhibited by co-treating PLC/PRF/5 cells with 500 µmol/l NaHS and 30 µmol/l AG490 or 20 µmol/l NS-398 for 24 h (Fig. 3Bb and d) . Inhibition of the STAT3 (34) or COX-2 (37) signaling pathways can contribute to the inhibitory effect of tumor growth. The present study extends these previous findings and provides new evidence that the STAT3-COX-2 signaling pathway is associated with the growth of PLC/PRF/5 cells, as evidenced by the increased expression levels of STAT3 and COX-2. Importantly, the present study has demonstrated for the first time that exogenous H 2 S promotes PLC/PRF/5 cell proliferation and anti-apoptosis by activating the STAT3-COX-2 signaling pathway.
The STAT3-COX-2 signaling pathway participates in NaHS-induced migration in PLC/PRF/5 cells. As shown in
H 2 S has been classified as a novel gasotransmitter together with NO and CO (22) . Its broad range of physiological functions, including cardioprotective (38), angiogeneic (39), antioxidant (40) , and pro-and anti-inflammatory activities (38) , are attracting widespread attention at present. In the liver, H 2 S can exert hepatoprotective effects via miR-34a-mediated modulation of the nuclear factor erythroid 2-related factor 2 signaling pathway (41) . Recently, our group demonstrated that exogenous H 2 S promoted PLC/PRF/5 cell proliferation, anti-apoptosis, angiogenesis and migration by amplifying the activation of the NF-κB signaling pathway (24) . To further investigate the effect of exogenous H 2 S on PLC/PRF/5 cells, PLC/PRF/5 cells were treated with 500 µmol/l NaHS for 24 h. The results revealed that exogenous H 2 S increased PLC/PRF/5 cell growth, angiogenesis and migration, as evidenced by an increase in cell viability, migration, expression of MMP-2 and production of VEGF, and a decrease in apoptotic rate and expression of caspase-3 (one of the apoptotic factors) (42), which is consistent with the findings of our previous study (23) .
Furthermore, it was observed that the expression levels of p-STAT3, STAT3 mRNA, COX-2 protein and COX-2 mRNA were upregulated in NaHS-treated PLC/PRF/5 cells. This indicates that exogenous H 2 S can activate the STAT3 and COX-2 signaling pathways in PLC/PRF/5 cells. Previous studies have shown that the STAT3 (13-17) and COX-2 (32, (43) (44) (45) signaling pathways are associated with tumorigenesis. The present study hypothesized that the STAT3 and COX-2 signaling pathways may be involved in the effects of exogenous H 2 S on the growth of PLC/PRF/5 cells. In order to corroborate our hypothesis, PLC/PRF/5 cells were co-treated with NaHS and AG490 (an inhibitor of STAT3) (36) or NS-398. Our data revealed that co-treatment of PLC/PRF/5 cells with NaHS and AG490 or NS-398 markedly alleviated the NaHS-induced cell growth effects, including proliferation, angiogenesis, migration and anti-apoptosis. These results suggest that NaHS-induced PLC/PRF/5 cell growth is at least in part associated with the activated STAT3 and COX-2 signaling pathways.
A novel finding of the present study is the interaction between STAT3 and COX-2 in PLC/PRF/5 cells. COX-2 is ever-present as a downstream effector of the STAT3 signaling pathway in various cancer cells (46) (47) (48) . A previous study has demonstrated that the inhibition of STAT3 activation reduces the expression of COX-2 in SMMC-7721 cells (18) . This indicates that COX-2 is a downstream effector of the STAT3 signaling pathway in liver cancer. Additionally, COX-2 is located upstream of the STAT3 signaling pathway in various cancer cells. Liu et al (49) observed that COX-2/prostaglandin E2 regulated JAK2/STAT3 signaling in colorectal cancer cells (49) . Furthermore, Xiong et al (50) revealed that there is a positive feedback loop between the STAT3 and COX-2 genes that may contribute to Helicobacter pylori-associated human gastric tumorigenesis (50) . However, the exact association between STAT3 and COX-2 in cell proliferation, migration and apoptosis in PLC/PRF/5 cells is not completely understood. The present study provided novel evidence that there is a positive interaction between the STAT3 and COX-2 signaling pathways, which may be an important mechanism responsible for cell proliferation and anti-apoptosis in PLC/PRF/5 cells. This mechanism is supported by the following results: i) Treatment of PLC/PRF/5 cells with NaHS and AG490 attenuated the expression level of COX-2; ii) treatment of PLC/PRF/5 cells with NaHS and NS-398 attenuated the expression level of p-STAT3; and iii) exposure of PLC/PRF/5 cells to AG490 or NS-398 induced growth inhibition and apoptosis, as demonstrated by the decrease in cell viability, and the increase in the number of apoptotic cells and cleaved caspased-3 expression.
To conclude, the present study provides novel evidence that the activation of the STAT3-COX-2 signaling pathway contributes to HCC carcinogenesis, including cell proliferation and anti-apoptosis. Understanding the roles of such a signaling pathway is important, as it may lead to the development of novel treatment strategies designed to inhibit this signaling cascade in PLC/PRF/5 cells. In addition, the interaction between STAT3 and COX-2 in PLC/PRF/5 cells may serve a crucial role in PLC/PRF/5 carcinogenesis, however understanding of any additional roles remain unclear and must be investigated. Additionally, the present study provides important new insight into the molecular mechanisms underlying the promotion of cell proliferation and apoptosis by H 2 S in PLC/PRF/5 cells. First, H 2 S increases cell viability and reduces apoptosis. Second, NaHS-induced growth inhibition and apoptosis appear to be linked to the inhibition of the activation of the STAT3-COX-2 signaling pathway. In HCC, these findings provide a novel insight into CBS-and CSE-derived H 2 S as an endogenous tumor-promoting factor and anticancer drug target.
